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Abstract
In support of a new hypothesis concerning the origin of dune ridges, 
fieldwork was carried out on the Long Beach Peninsula, SW Washington State, 
between 1997 and 2002. Procedures included coring, profiling, measuring and 
recording cross-section stratigraphy, and collected data analyzed and compiled at 
Western Washington University. The proposed hypothesis envisions coseismic 
subsidence, formation of a berm or beach ridge, subsequent uplift, and eolian 
deposition on the berm or beach ridge to form a new dune ridge. Geomorphic and 
stratigraphic evidence from the Long Beach Peninsula is presented and compared 
to the standard models outlined in the literature.
Most of the scientific work done on dune ridge and beach ridge 
topography around the world has been done in tectonically inactive regions. 
Normal processes found on passive margin coasts produce dune ridges by 
variations in sediment supply and sea level. Long Beach Peninsula, situated 
within the Cascadia Subduction Zone margin, is affected by large subduction zone 
earthquakes that drop the elevation of the coast by 0.5 to 2.0 m, followed by 
rebound. Stratigraphic evidence from within the ridges shows wave deposited 
sands at elevations up to 2 m above present day beach deposits, and elevations 
above those within the intervening swales. The higher elevation deposits in the 
ridges are possibly the result of post-earthquake deposition in a higher relative sea 
level environment.
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CHAPTER 1
Introduction
Purpose
Dune ridge topography is produced on coastal depositional features (spits, 
barrier islands and strand plains) by wave deposition of a beach berm followed by 
eolian deposition on the berm. The development of dune ridge topography on 
coasts around the world is described in the literature as being the result of one or 
both of two factors. The first factor is abundant sediment supply, the second, a 
relative fall in sea level. In both cases dune ridge topography is developed on 
coastlines being translated seaward.
In this thesis a third process, involving periodic seismic events, is offered. 
This process incorporates some aspects of the two above in that it produces 
changes in relative sea level that affect the stratigraphy of the spit and the 
sediment supply to the coastline. Support for this approach is found in DAVIES 
(1980, pg. 7) "Convergence of form, whereby different processes may produce 
landforms of apparently similar appearance, is now widely recognized in 
geomorphology. It has led to the realization that it is necessary to look at more 
than one mode of origin for a particular landform, and that such landforms are 
more safely defined descriptively than genetically. In coastal geomorphology for 
example, the many hypotheses that have been erected to explain the extensive 
barrier systems which occur on coasts such as those in eastern USA are not 
necessarily mutually excusive (SCHWARTZ, 1971). There have almost certainly
The area of interest for this thesis, on Long Beach Peninsula, southwest 
Washington State, is located at the margin of the Cascadia subduction zone, 
where the coastline is subjected to subduction zone earthquakes about every 500 
to 600 years with coseismic subsidence and postseismic rebound of approx. 0.5 to 
2.0 m (ATWATER, 1987). Recurring changes in land elevation or relative sea 
level of this magnitude will affect depositional processes and morphology of 
coastal depositional features. The goal of this thesis is, first, to examine the dune 
ridge building process on Long Beach Peninsula; and second, to try to determine 
what, if any, effect Cascadia subduction zone earthquakes, with their large 
fluctuations in relative sea level, have on the ridge-forming process.
Physical Setting
Long Beach Peninsula is a north-trending sand spit located in southwest 
Washington State that forms the barrier to Willapa Bay (Figure 1). At 32 km in 
length, it is one of the largest barrier features on the west coast of the U. S. 
(DINGLER and CLIFTON, 1994). The spit derives its sediment from the 
Columbia River (BALLARD, 1964), which is immediately to the south. Long 
Beach Peninsula is anchored on the south by the rocky headlands of Cape 
Disappointment and North Head (Figure 2a), which are composed of Eocene 
volcanics associated with the Crescent terrain (Figure 2b). Net longshore-drift 
direction is to the north (SCHWARTZ et al., 1985). Thickness of sediments on
been more ways than one in which barriers have been formed in different parts of
the world, and we should not expect to find a simple correlation between barrier
construction and a single environmental factor."
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Figure 1. a) Location map for Long Beach Peninsula (from SCHWARTZ et al.
1985).
3
Figure 1. b) Location map of the study area within Long Beach Peninsula (from
uses 7.5’quads).
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Figure 2. a) Oblique aerial photo of North Head, looking northward.
b) Outcrop at North Head showing pillow lavas. Blue backpack in
lower left comer for scale.
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the spit range from 0 meters deep in the south to 430 meters in the north near 
Oysterville (THOMAS, 1995; RAU and MCFARLAND, 1982).
Long Beach Peninsula is dominated by dune ridge topography (Figure 3a). 
The ridges, which trend north-south, are parallel to one another with little 
convergence except towards the northern and southern ends of the spit. The 
ridges are well preserved by forest growth, while the intervening swales (Figure 
3b) contain lakes and well developed peat bogs. This dune ridge topography is 
indicative of coastal depositional features, where each ridge represents a former 
position of the coastline as the spit prograded seaward.
The coastline of the Peninsula is drift-aligned (BIRD, 2002) because 
waves approach at a 40° to 50° angle, but the spit has some swash-dominated 
features. In a swash-dominated coastline, most of the sediment comes from 
offshore and is carried onshore perpendicularly by wave swash (Figure 4). This 
process results in the building of highly parallel beach or dune ridges (TANNER, 
1987) with few recurves, mostly near the distal end. The other process is drift- 
dominated, where sediment is mainly transported by littoral drift along the beach 
face. Sediment grains are moved parallel to the shore along the beach face from 
the headlands to the distal end by wave swash and backwash. This process tends 
to produce barrier features with converging and diverging ridges and recurves that 
can be found along the length of the barrier.
Long Beach Peninsula has near-parallel ridges, and recurves can be found 
only near the distal end; both geomorphic indicators of swash-domination. A 
stream that is diverted 4 to5 km northward before it drains into the Pacific Ocean,
6
Figure 3. a) Oblique aerial photo of southern Long Beach Peninsula looking 
south. Dune ridges are forested and swales contain peat bogs and 
lakes.
b) View of typical swale on Long Beach Peninsula
7
Figure 4. Idealized models of swash-dominated and drift-dominated spits.
Swash-dominated spits receive sediment from offshore and have 
highly parallel ridges with recurves only at the distal end, while drift- 
dominated spits receive sediment from longshore drift and have highly 
divergent ridges and recurves up the bayside of the spit.
and several former drainages that are deflected northward, are geomorphic 
indicators of drift processes, but swash features are found throughout the spit and 
suggest most of the deposition on the spit is by swash processes. It is important to 
note that both drift and swash processes are generally present on most accreting 
coasts, but one process tends to deliver more sediment to the beach, thus 
producing the geomorphic features characteristic of its type (BIRD, 2002).
The Pacific Northwest coastal region is characterized by high wave energy 
generated by North Pacific winter storms with considerable fetch (DAVIES,
1980). This region is also subjected to meso- to macro-tidal ranges, with Willapa 
Bay spring tides of close to 4 meters. Winter storms with winds from the 
southwest cause the net longshore-drift direction to be to the north.
The embayment formed by Long Beach Peninsula is Willapa Bay. The 
embayment was originally called Shoalwater Bay, but the name was changed to 
Willapa Bay at the turn of the century because the original name was thought to 
be unattractive. Over fifty percent of Willapa Bay is subarial during spring low 
tide, because of the shallow depth of most of the bay (SAYCE, 1976). The main 
tidal channel draining Willapa Bay has migrated north, away from Leadbetter 
Point, towards Cape Shoalwater in the north. The high tidal current velocities 
have produced dramatic erosion at Cape Shoalwater, up to 30 meters per year 
(from the late 19th century to present)(TERICH and LEVENSELLER, 1986), 
which has threatened communities and state roads and resulted in extensive 
investigation as described by BENDER (1998). He suggests that the erosion may
9
Long Beach Peninsula is located within the Columbia River Littoral Cell 
(Figure 5). South of the mouth of the Columbia River, in Oregon, is the Clatsop 
Plains strand plain, which extends south to Tillamook Head. This area is made up 
of dune ridge-swale topography welded directly onto the mainland. North of the 
Peninsula, just beyond Cape Shoalwater, is the Grayland-Ocean Shores area, 
which also possesses dune ridge topography. Point Grenville marks the northern 
extent of the Columbia River Littoral Cell (SCHWARTZ et al., 1985).
The Pacific Northwest is located along the Cascadia Subduction Zone 
margin (Figure 6). Much paleoseismicity work has been done in the last 15 years 
to describe the size and frequency of Cascadia Subduction Zone earthquakes and 
their potential effects on the coastline (ATWATER, 1987). Earthquake events, 
which occur about every 500-600 years, cause rapid coseismic subsidence of 0.5 
to 2.0 meters along the coast and often have tsunami associated with them 
(ATWATER, 1996; ATWATER and HEMPHILL-HALEY, 1997). The initial 
subsidence is followed by gradual emergence as strain begins to re-accumulate 
along the fault zone. Recent work has shown that strain is presently re­
accumulating along the fault line (DRAGERT et al., 2001).
soon end when the channel comes up against more resistant Pleistocene marine
terrace deposits that underlie the eroding Holocene shore sands.
10
Figure 5. Map of the Columbia River littoral cell, extending from Tillamook
Head to Point Grenville (from DINGLER and CLIFTON, 1994).
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Figure 6. Map of the Cascadia Subduction Zone (from NELSON and 
PERSONIUS, 1996).
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Previous Work
Long Beach Peninsula
The first extensive investigation of this area was by COOPER (1958); in 
his description of the coastal dunes of Washington and Oregon he went into detail 
describing the ridges on Long Beach Peninsula. RIGG (1958), in describing the 
peat deposits of Washington State, gives a description of the peat deposits in the 
swales of Long Beach Peninsula. These were later shown in greater detail in the 
soil survey of the Soil Conservation Service (PRINGLE, 1986). BALLARD 
(1964), by examining the mineralogy of sand sediments in the Columbia River 
Littoral Cell, showed that the source sediment for Long Beach Peninsula is the 
Columbia River. PHIPPS and SMITH (1978) recorded the historical erosional 
and accretional history of the northern portion of the Columbia littoral cell, 
showing that most of the Peninsula coastline has been accretional over the past 
nearly one hundred years. PHIPPS (1990) presented further data showing recent 
trends for erosion and deposition along the spit. He concluded that the 
historically rapid accretion rates on the spit are coming to an end and sediment 
starvation, due to Columbia River dams, will begin to occur along the coastline. 
MEYER (1983) examined the dune vegetation at five stations on Long Beach 
within the active dune zone and described the vegetative succession from beach to 
climax forest. RANKIN (1983) described the Clatsop Plain strand plain (Figure 
5) and presented a growth history for the Clatsop Plain through radiocarbon
dating. His work was of great interest to this study because of the Clatsop Plain’s
13
location within the Columbia River Littoral Cell. WIEDEMANN (1984), in his 
discussion of the coastal dunes of the Pacific Northwest from an ecological point 
of view, described Long Beach Peninsula as containing dune ridges.
Groundwater studies were conducted (TRACY, 1978; THOMAS, 1995) by the 
U.S. Geological Survey showing the spit to be a large sand aquifer. MEYERS 
(1994) investigated the spit using ground-penetrating radar. He found it to be 
stratigraphically dominated by shallowly seaward dipping (l°-2°) beachface 
deposits overlain by eolian bedding. MEYERS et al. (1996) showed that eight 
buried storm scarps previously discovered by MEYERS (1994) were likely 
produced by coseismic subsidence events related to great Cascadia Subduction 
Zone earthquakes. JOL et al. (1996) used Long Beach Peninsula as one of several 
examples for how ground-penetrating radar can be used to reveal the stratigraphy 
of coastal barriers. Many new findings are anticipated from the Southwest 
Washington Coastal Erosion Study Group. PHIPPS et al., (2001) describe the 
effects of the last Cascadia Subduction Zone earthquake (300 yrs bp) on the coast 
at Grayland.
Beach-Dune Ridges
While beach and dune ridges both form from shore processes, beach 
ridges are built primarily by wave deposition upon a berm, whereas dune ridges 
are dominated by eolian deposition on an incipient beach ridge or berm. Both 
ridge types can form a series of roughly parallel ridges on prograding coastlines. 
While the term "beach ridge" is well defined, the term "dune ridge" is more
14
difficult to define. One of the best definitions available is that a beach ridge 
grades into a dune ridge as the proportion of eolian deposition increases over 
wave deposition (PSUTY, 1997, per. com.). There is no quantifying definition, 
but beach ridges are generally lower than dune ridges (TANNER, 1995).
Much work has been done on beach and dune ridges by many 
investigators. Some examples of work at specific sites include FISHER (1962, 
1967) in North Carolina, PSUTY (1967) in Mexico, STAPOR (1975) in Florida, 
CARTER (1986) in Ireland, BIRD and JONES (1988) in Australia, MARTIN and 
SCHWARTZ (1991) in Estonia, and MASON et al. (1997) in Alaska.
The process of ridge formation has been discussed by many researchers. 
Three of the most recent and thorough are TAYLOR and STONE (1996), 
TANNER (1995), and PSUTY (1996).
TAYLOR and STONE (1996) start with a discussion of the literature and 
energy conditions related to ridge formation. They observe that, although some 
early research suggested that storm waves built ridges, storm wave-built ridges 
were found only on gravel and cobble beaches. Storm waves are rarely 
constructive on sand beaches so are ruled out as a ridge-building force. Ridge 
growth on sand beaches is generally thought to be caused by some small 
fluctuations in sea level, and vegetation is thought to play an important role in 
ridge growth by stabilizing the beach berm and promoting its growth into a ridge. 
Ridge construction requires a continuous sediment supply and generally calm 
conditions; higher sedimentation rates produce many lower ridges, and lower 
sedimentation rates produce fewer, higher ridges. TAYLOR and STONE (1996)
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note that beach-ridge studies have advanced to the point where studying ridges 
can lead to a better understanding of paleoclimate and local sea level history.
TANNER (1995) discussed different categories of beach ridge by process, 
outlining four primary types of beach ridges and the processes that build each. He 
wrote about ridge sets and systems and how grain-size kurtosis can reveal wave 
energy and sea level conditions at the time of deposition. Variations in sea level 
are seen as the most likely means to produce ridge-swale topography for several 
reasons. First, to build a ridge, sand must be deposited to a higher elevation than 
normal in order to build an especially high berm. Then over time sand must be 
deposited seaward at a lower elevation to produce what will become a swale when 
the next ridge is built. Since ridge growth occurs under mild wave conditions and 
normal sedimentation rates, storm events, which are mostly erosive, would not 
construct ridges. Also, a general average for deposition of an individual ridge- 
swale set is about 30 to 60 years, so storm events and tidal cycles both can be 
ruled out. Sea level fluctuations of a few tens of centimeters, which are known to 
occur, do produce ridge-swale morphology, though the cause of these fluctuations 
is not known.
PSUTY (1996) looked at foredune development and described the 
sedimentalogical conditions needed to build large foredunes and dune ridge 
plains. He examined how variations in depositional rate can build large dune 
ridges when the coast is not prograding rapidly, and beach ridges and swales 
when the progradation rate is high. To build a large foredune ridge, the coastline 
must remain adjacent to the foredune without eroding it for a long period of time.
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If the coastline then progrades, the foredune ridge is removed from its sediment 
source, stabilized by vegetation, and then can become a dune ridge.
CHAPTER 2
Methods
Initial investigation of Long Beach Peninsula was done with U.S. 
Geological Survey 7.5 minute topographic quadrangles and aerial stereo-photos. 
Locations were chosen on the spit for further investigation.
Profile
An east-west profile of the spit was surveyed using a Leitz Total 
Survey Station. The profile runs from the beach to the drainage ditch (Figure lb), 
then along the drainage ditch on a county right-of-way, then out to the surface of a 
salt marsh in Willapa Bay (Figure 7). To west of the ditch the profile was taken 
as close to the ditch’s north-south position as possible (500 m south). The eastern 
end of the profile was surveyed about 1300 m north of the ditch where access to 
the bay-side salt marsh was possible. This transect was then tied to the ditch by 
shooting back to a previously surveyed point along the ditch whose location was 
already established. The height of the salt marsh surface is assumed to be Mean 
Higher High Water and is used as a baseline for all the other heights. 
Stratigraphy
Stratigraphy was recorded within exposures in three ridges. Site locations 
were chosen by finding areas where deep cuts that would draw down the water 
table within the ridge were made into the ridges. Digging trenches on a ridge
18
Figure 7. Map showing location of transects from which the profile was made. 
Transects are shown with bold lines. The transect line on the ocean beach was 
run at low tide and thus extends out beyond the coastline on the USGS 7.5’quads.
19
would not work due to the height of the ridges (up to 6m), their being composed 
of unconsolidated sediment (loose sand), and the shallowness of the water table.
A drainage ditch was used at two sites because it runs roughly east-west 
and crosscuts two prominent ridges and swales. Water level in the ditch was the 
same as the water level of the youngest swale (occupied by Loomis Lake) at the 
west end, and lower in the east, so the water table in the ridges was drawn down 
in the vicinity of the ditch, which made it easier to make a deep exposure. The 
third site was in Whiskey Slough (Figure 18), where the slough (tidal creek) cuts 
into a remnant of a ridge. The water table in the Whiskey Slough exposures was 
drawn down by the tidal creek.
Ten exposures were created; four in the younger (western) ridge, site 1, in 
the drainage ditch, four within the older (eastern) ridge, site 2, in the drainage 
ditch, and two on a cutbank of the ridge remnant at Whiskey Slough, site 3. The 
exposures were dug at intervals within each ridge that were as evenly spaced as 
conditions would permit. Six of the eight exposures in the drainage ditch were 
accessed by row boat; the other two were accessed by foot from the county right- 
of-way. Site 1 is between the swale containing Loomis Lake and the swale 
containing Clam Lake (see Figure 8). Site 2 is between the swale containing 
Clam Lake and the swale containing Freshwater Lake. Site 3 is on the bay side of 
the spit, and the two exposures obtained there were made and recorded during low 
tides. Each exposure was measured with a tape measure and dips with a Bruton, 
then sketched and photographed to detail bedding.
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Sedimentology
Sixty-three sand samples were collected from the ten exposures. Between 
three to eight samples were collected from within each of the exposures and used 
to examine distribution of sediment sizes. Samples were collected from lag 
deposits, cross-beds and points with planer bedding or no bedding. Each sample 
was baked in an oven until dry, then sieved using quarter phi sieves. Each sample 
was run in the sieve shaker for twelve minutes. The sieve shaker could only hold 
five sieves and the pan at one shaking, so the coarse fraction of the sample was 
sieved first, followed by the finer fraction. The results were converted to weight 
percent and analyzed statistically to try to differentiate between wave and wind 
deposited sands. Mineralogy of heavy minerals in lag deposits were examined 
using a binocular microscope.
Radiocarbon
One of the initial goals of this project was to date basal peat in swales to 
get approximate numerical ages for the ridges. Basal peat in swales can, when 
radiocarbon dated, give a limiting age for when the ridge seaward of the swale 
was deposited, creating the swale (and its wetland). A region of the spit that had 
deep peat in its swales was selected for basal peat dating. This area also had 
minimal human development and so minimal disruption of the topography 
seemed likely.
Peat depth in the swales was probed with a push-core to find the deepest 
spot in each swale. Five Im extensions were available to core to 6m depth.
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Dateable peat samples were collected using a 5 cm (2") diameter PVC pipe. The 
PVC pipe was chosen because it could retrieve a dateable sample from the bottom 
2 to 3 cm of basal peat. After removing the top 30 cm of peat with a shovel or 
posthole digger, the pipe was pushed vertically into the ground until it reached 
sand. Basal peat was obtained when the pipe reached the sand beneath the peat. 
Since the pipe encountered much higher resistance in the sand, basal peat could be 
obtained with certainty. At this point the pipe would be filled with water, plugged 
to create suction, and retrieved; and the peat at the sand-peat contact would be 
saved for radiocarbon dating. The results from basal peat dating were 
unsatisfactory, however, as will be discussed in the results section (Chapter 3).
Two wood samples were collected from the bottom of Deer Lake (Figure 
lb), which had been temporarily drained for the cranberry harvest. The first was 
from the root of a small tree trunk in growth position. This trunk was amid 
several dozen such in situ tree trunks on the lake bottom. The second sample was 
obtained from a drift log protruding out into an area of the lake bottom that had 
been dredged for sand. The log was horizontal and in place in beach deposits. 
Optically Stimulated Luminescence
When the basal peat dating failed. Optically Stimulated Luminescence 
(OSL) was chosen as an alternative dating method to date ridges. OSL is more 
direct than basal peat dating in that it dates the time of burial of sediment. It is 
particularly useful for wave and eolian deposits. OSL dating gives time elapsed 
since a sediment sample was last exposed to sunlight, which is the time of burial 
(deposition). Because beach and dune ridges are deposited at the coastline by
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coastal depositional processes, the OSL date for a ridge will reveal when the 
coastline was adjacent to that ridge.
Holes were dug approximately 1.5 m deep near the top of two ridges. At 
the bottom of the holes a piece of opaque PVC pipe 15 cm long and 6 cm in 
diameter was hammered into the sand wall. When the pipe was full of 
undisturbed packed sand, the pipe was removed and capped at both ends with 
black rubber pipe caps. Both samples were placed in a light-tight bag and boxed 
for shipment to the dating lab. The results of OSL dating were also 
unsatisfactory; the samples had a signal too weak to yield statistically significant 
dates.
CHAPTER 3
Results
Profile
An east-west profile across the spit (Figure 8) reveals the topography 
within the vicinity of the drainage ditch. The first 1250 m of the profile, between 
the beach and the most westerly and youngest swale, is in the recently deposited 
hummocky zone. Beyond 1500 m to about 1800 m is site 1, the youngest ridge. 
This ridge has high points at its western and eastern edges and lower elevations in 
its middle. From about 1950 m to 2250 m is site 2, the second or older ridge 
within the ditch. Following the second ridge is a swale, east of which is a poorly 
developed oldest ridge towards the bay side. The final point on the profile is the 
salt marsh surface on the edge of Willapa Bay, which is used as Mean Higher 
High Water. Figure 7 shows the location of the transects from which the profile 
was measured.
Stratigraphy
Bedding visible in the drainage ditch exposures demonstrates that these 
are wave deposited or beach sands and wind deposited or dune sands. Exposure 
locations for all exposures on the drainage ditch (site 1 and site 2) are found in 
Figure 9.
All exposures in site 1 were made on the northern side of the ditch. The 
first exposure in the site 1 ridge is within the high-elevation portion near the 
western edge of the ridge. The exposure has landward-dipping overwash strata 
typical of berm and back-beach deposits (Figure 10). Over this are sands with
24
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Figure 10. Diagram and photo of first exposure at site 1.
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Figure 10. Continued. Photo of first exposure.
little or no dark mineral laminations (little visible bedding) that are interpreted to 
be dune deposits.
The second exposure at site 1 lies within the lower middle section of the 
ridge. The lower part of the exposure (Figure 11) shows possible soft sediment 
deformation and cross-stratification with faint landward-dipping beds beneath. 
The upper part of the exposure has little stratification and one horizontal bed.
A third exposure was made within the high-elevation area on the eastern 
side of the ridge. It has mainly wave deposits with overwash back-beach deposits 
and possible dune deposits at the top (Figure 12). The beach deposits dip fairly 
steeply seaward (5-15°W) and have dense mineral laminations throughout. At 2.2 
m height (near location of sample 6 on sketch) there is a faint 15° landward (east) 
dipping bedding plane, which suggests an overwash back-beach deposit. There 
are oxidized sediments throughout the exposure and a layer of hardpan at the top, 
just below the soil line.
The easternmost or fourth exposure at site 1 was taken on the eastward 
end of the ridge beyond the eastward highpoint. The exposure shows (Figure 13) 
seaward-dipping wave -eposited bedding in the lower half, with a seaward 
dipping lag deposit at the bottom, and two prominent lag deposits in the upper 
half. The lower of the two upper lag deposits dips shallowly landward, while the 
upper lag deposit is offset in the middle and dips in both directions. Because this 
exposure is on the down-slope portion of the east side of the ridge, the landward­
dipping lag deposits on top are probably the result of overwash events. This 
exposure has several oxidized layers within it.
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Figure 11. Diagram and photo of second exposure at site 1. Bmton for scale.
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Figure 12. Diagram and photo of third exposure at site 1.
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Figure 12. Continued. Photo of bottom half of exposure.
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Figure 12. Continued. Photo of top half of exposure.
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Figure 13. Diagram and photo of fourth exposure at site 1.
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Figure 13. Continued. Braton in right side center for scale.
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Site 1 has high crests on either side (east and west) of the ridge and a 
saddle in the middle (Figure 9). The difference in stratigraphy between exposures 
one and three suggests a change in conditions between the deposition on the 
beach at exposure three, where seaward dipping wave deposits extend most of the 
way up the exposure, and exposure one, where most of the exposure is wind- 
deposited sand.
All exposures in the older ridge, site 2, along the drainage ditch were 
taken on the southern bank of the ditch because this side was undisturbed.
The first exposure in site 2, at the western edge of the ridge, has mainly 
seaward-dipping and some landward-dipping beds (Figure 14). Because of the 
exposure’s shallow, mostly seaward-dipping beds, the sediments appear to be 
wave deposited.
The second exposure at site 2 has a seaward-dipping lag deposit at the 
bottom, and tangential cross-strata above showing current direction to the west 
(Figure 15). All bedding appears to be wave transported.
The third exposure at site 2 has a gently seaward-dipping lag deposit at the 
bottom overlain by gently seaward-dipping planar bedding (Figure 16). The 
planar bedding is overlain one third of the way up the exposure by ripple-scale 
cross-strata. Above this tangential cross-strata show a current direction to the 
west and, near the top, planar beds dip shallowly seaward.
The fourth exposure at site 2 has a shallowly seaward-dipping lag deposit 
at the bottom, over which is some planar bedding (Figure 17). Above that is a 
sequence of steeply dipping landward and seaward cross-bedding showing current
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Figure 14. Diagram of first exposure at site 2.
37
■I
w
X
•.9m
Figure 15. Diagram and photo of second exposure at site 2.
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!Figure 15. Continued. Notches into the sediment are sample sites identified in 
the diagram.
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Figure 16. Diagram and photo of third exposure at site 2.
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Figure 16. Continued. Photo shows location of sample sites.
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Figure 17. Diagram and photo of fourth exposure at site 2.
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Figure 17. Continued. Bruton in hole at top for scale.
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directions of east and west. Above that sequence is a series of beds that are 
mainly seaward-dipping with decreasing cross-bedding and dips steeper higher in 
the exposure. The topmost bedding in the exposure is undulatory.
Site 3, along the tidal creek Whiskey Slough, was used to obtain exposures 
from a third ridge. Whiskey Slough is located on the bay-side between Nahcotta 
and Oysterville in the northern half of the spit (Figure 18). The ridge that 
Whiskey Slough cuts dies out immediately south of the creek; however a narrow 
remnant ridge (less than 35 m wide) on the south bank of the creek is accessible 
from a cut bank. Two exposures were obtained at this site.
The first, more westerly exposure, is located within the highest elevation 
portion of the ridge remnant. The exposure shows flat-lying bedding with two 
shallowly eastward-dipping beds (Figure 19). The second exposure, 22 m south­
east of the first exposure, has planar bedding that mainly dips shallowly eastward, 
but also has a set of tabular planar cross-lamina in the middle (Figure 20). 
Sedimentology
Sediment sizes determined by sieving ranged from 1.375 phi to 4.125 phi 
(Appendix 1). The mean size is 2.58 phi; nearly all samples are very well sorted. 
Of the fifty-six samples collected from sites 1 and 2 along the ditch, fifty-three are 
strongly fine skewed, and the average skewness for all samples is 0.57. The nine 
samples collected from Whiskey Slough are either symmetrical or coarsely 
skewed. The ridge remnant at Whiskey Slough from which samples were 
removed is in the upper or northern half of the spit, and the conditions could have 
been different there; or the ridge remnant may have been reworked since
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Figure 18. Lx)cation map for site 3 at Whiskey Slough. Two prominent ridges 
are shown with stippling. Site 3 is located on the north-east face of 
the ridge remnant on the south-west side of the slough.
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Figure 19. Diagram and photo of first exposure at site 3.
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Figure 19. Continued.
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Figure 20. Diagram and photo of second exposure at site 3.
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Figure 20. Continued. Bruton at bottom for scale.
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deposition. Only three of sixty-three samples were not extremely peaked (for 
kurtosis), and those samples were very peaked. The very well sorted nature of the 
sand is most likely the result of the source sand (from the Columbia River) being 
at least well sorted.
The mean, standard deviation, skewness and kurtosis were calculated from 
twenty-one samples that were thought to be representative of wave deposits. The 
mean was 2.55, standard deviation was 0.27, skewness was 0.58 and kurtosis was 
5.13. The same calculations were done with seven possible dune samples and 
they yielded mean of 2.52, standard deviation of 0.25, skewness of 0.53, and 
kurtosis of 6.0. Nine heavy mineral lag deposits yielded: mean = 2.71, standard 
deviation = 0.35, skewness = 0.48, and kurtosis = 3.29. The wave deposited and 
wind deposited samples are the same, but the heavy mineral lag deposits are finer, 
less well sorted and less peaked. Previous work in the Columbia River Littoral 
Cell (WOXELL, 1998) also found no statistical difference between beach and 
dune sands. These sand sediments are transported by river currents down the 
Columbia and moved up the coast by wave action so that by the time they are 
deposited on the beaches of the spit they are so well sorted they cannot be further 
sorted by wind.
Sediment size distribution graphs were produced for all samples 
(Appendix 2). Some show double peaks, but most of those samples were from lag 
deposits that contained high concentrations of smaller, higher density opaque 
minerals.
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Binocular microscope examination of dense mineral lag deposits showed 
the presence of hornblende, garnet, and magnetite, which adhered to 
nonmagnetized iron. These findings were similar to those reported by 
BALLARD (1964). When a magnet was used, most of the black minerals 
adhered to it. Problematic rounded black grains could be expected to include 
ilmenite and rod-like rutile (Anderson, 2002). Woxell (1998) reported significant 
amounts of ilmenite in the dense black grains of lag deposits in the Columbia 
River littoral cell.
Radiocarbon
A number of locations in all the swales were investigated for depth of peat 
and correlatability to other swales. An east-west transect north of Cranberry Road 
and south of Loomis Lake was chosen for sampling (Figure 21) because the ridge- 
swale topography in this area is well preserved, not heavily developed, and has 
relatively deep mucky sedge peat (1.3-1.9 m) compared to other locations. The 
four prominent swale features in this area can be traced for some length up and 
down the spit. Also, within the Loomis Lake swale (swale 4), which is the widest 
and youngest, there is an additional small ridge of short extent and a third ridge 
that is low and not clearly definable above the surface. This one swale thus 
contains three sub-swales from which two additional shoreline positions could be 
dated.
Basal peat samples were extracted from the swales for dating. The dates 
obtained were: swale 2 - 1,760 ± 120 '^^C yrs BP from basal peat at 1.9 m depth.
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Figure 21. Aerial photo (NOAA, 1995) showing peat bogs sampled for this 
study. Cross-section shows peat depths in swales. Peat depths measured with 
push core, ridge elevations approximated from 7.5’topo sheets, peat surface 
accurate to ± 0.5 m. X = sample site
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swale 3 - 715 ± 65 yrs BP from depth of 1.9 m, swale 4a -1,470 ± 70 yrs 
BP from depth of 1.35 m, swale 4b - 1,490 ± 70 ''‘C yrs BP from depth of 1.55 m, 
swale 4c - 1,780 ± 75 ''‘C yrs BP from depth of 1.3 m. The oldest swale, swale 1, 
lacked any peat deeper than 0.5 m, and therefore was not dated.
Table 1. Basal peat ages and depths from each swale.
location swale 2 swale 3 swale 4a swale 4b swale 4c
'''C yrs BP 1,760 ± 120 715 ±65 1,470 ±70 1,490 ±70 1,780 ±75
depth 1.9 m 1.9 m 1.35 m 1.55 m 1.3 m
While basal peat dating often suffices to date coastal depositional features, 
in this case the results did not reveal a growth history for the spit. What appears 
to have happened on Long Beach Peninsula is that after all the swales formed the 
water table rose to create wetlands and lakes within them.
The swale 3 site was in a peat bog located at the southern end of 
Cranberry Lake. Swale 3 presented some difficulty since, within the study area, 
this swale lacked well developed peat bogs. The anomalously young age of this 
site is probably due to the bog not forming until some time after the lake 
appeared. This swale contains lakes with uneven shorelines that are separated by 
raised sandy areas to the north and south, suggesting a transgressive dune field 
environment with blow-out zones. It is interesting to note that the other swales 
have few or no dune blow-out features.
The wood samples from Deer Lake (Figure 22), which is in the Cranberry 
Lake swale, yielded ages that are probably not indicative of the age of the swale. 
The driftwood sample yielded an age of 2190±70 '^C yrs BP and the tree trunk
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2250±50 ''‘C yrs BP. The scarps immediately east and west of Deer Lake are 
dated at 3395 yrs BP (west) and 4250 yrs BP (east)(Meyers et al., 1996). 
Driftwood in beach deposits within the swale should date to somewhere between 
3395 and 4250 yrs BP. The wood sample ages appear anomalously young.
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Figure 22. Photo of the scarp where sand dredging was done in Deer Lake. The 
entire area visible is under water except during cranberry harvest. 
Sample was obtained from smaller log in center (just below shovel).
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CHAPTER 4
Discussion
Development of Beach and Dune Ridge Topography
Most work on beach and dune ridge topography has been carried out along 
tectonically inactive (trailing edge) regions of the world, where most coastal 
barrier features are found (i.e. east coast of U.S., Gulf of Mexico, Australia).
Thus, the theories about beach ridge and dune ridge formation, reflect the 
conditions in trailing edge environments.
Tanner (1995), working on beach ridge topography, found that subtle 
changes in sea level (of a few tens of centimeters over a few decades) could 
produce beach ridge sequences. In several centuries beach-ridge plains, such as 
illustrated in Figure 23, could be built.
Psuty (1996), in discussing the effect of sediment supply on ridge-swale 
production, showed that an abundant sediment supply would tend to produce low 
beach-ridge topography, whereas lower depositional rates will tend to produce 
dune-ridges (Figure 24). A low rate of deposition would allow the beach to 
remain adjacent to the foredune for a longer period of time, thus building a 
vertically larger (dune) ridge on an incipient berm.
Beach and Dune Ridge Topography on Long Beach Peninsula
Dune ridge topography on Long Beach Peninsula shows swash-dominated 
features such as parallel ridges and an absence of recurves, except at the distal end 
of the spit. The oldest or most southerly recurves are visible only as tree lines
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Figure 23. Air photo of St. Vincent Island, FL, showing 180 beach ridges. 
(Florida D.O.T, courtesy of W. F. Tanner)
Figure 24. Diagram from Psuty (1996) showing ridge development in varying 
sedimentological conditions.
within salt marsh deposits north of Oysterville on the bay side (Figure 
25)(ATWATER, oral com, 1997). Farther north near the distal end a prominent 
recurve can be seen clearly in air photos (Figure 26, also Figure 28), and probably 
marks the post-1700 coastline. More recent recurves are found north of this ridge 
(Figure 27).
The peninsula also displays present and former drift-induced diverted 
drainages, which are drift-dominated features (Figure 28). A present day drainage 
is diverted 4 to 5 km northward from the north end of Lx)omis Lake to the beach 
at Ocean Park. Two former drainages also were diverted northward. Briscoe 
Lake is diverted north northwest and is not in a swale. Clam Lake has a possible 
former drainage channel connecting it to the Loomis Lake swale through an 
intervening ridge. The existence of both swash and drift indicators on a barrier 
feature is not unusual (BIRD, 2002) since the mechanisms that produce each can 
be present in that locality.
Long Beach Peninsula has widely spaced (100-300 m) dune-ridges across 
most of the spit, suggesting a low rate of deposition. However, this assumption is 
complicated by the region’s seismicity (ATWATER, 1987,1996; ATWATER and 
HEMPHILL-HALEY, 1997). A study by MEYERS et al. (1996) found eight 
buried shore-parallel scarps within the Peninsula that gave ages corresponding to 
great subduction zone earthquakes in the region.
ATWATER (1987) provided the first evidence in salt marsh deposits for 
subduction zone earthquakes on the Cascadia Subduction Zone margin. 
ATWATER (1996) presented earthquake ages within the Columbia River littoral
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Figure 25. Air photo looking northward from north of Oysterville. Two tree
lines in the center of the photo are recurves in a salt marsh. North of 
these the tree line marks a third recurve.
Figure 26. Recurve along the boundary between the mature forest and scrubland 
(about center of photo).
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Figure 27. Two views of recent recurves at the distal end of the spit. Top: View 
looking northeast at recurves on Leadbetter Point. Bottom: View 
looking south. Older recurves from Figures 25 and 26 visible at 
upper center protruding into the bay.
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Leadbetter Point
Figure 28. Map of Long Beach Peninsula showing geomorphic features such as 
the prominent ridges (marked by xxxxx), oldest recurves, the Nacotta Channel, 
which has eroded out part of the bay-side of the spit, and the present as well as 
two former drainages.
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cell going back 3,300 years. KELSEY et al. (2002) presented ages from salt 
marsh deposits in the Sixes River of southern Oregon that preserve evidence of 
earthquake events as far back as 5,600 yrs. Their record generally agrees with the 
earthquake record in the Columbia River region, though some events in southern 
Oregon do not match events in the Columbia River region. The discordant ages 
suggest that, while some earthquakes are the result of rupture along the entire 
Cascadia Subduction Zone fault, other earthquakes are the result of partial rupture 
of the fault that produce more localized and smaller events. The ages of the 
MEYERS et al. (1996) scarps on Long Beach Peninsula extend back to 5,800 yrs. 
BP and are in good agreement with the ages of ATWATER (1996) and KELSEY 
et al. (2002) for large earthquakes. Because the scarps are produced by erosion, a 
scarp produced by a smaller erosional event could be erased by subsequent larger 
events. Destruction of evidence for a small erosional event by a subsequent larger 
one could explain why MEYERS et al. (1996) had eight events (scarps) in 5,800 
years, while ATWATER (1996) noted seven events in 3,300 years. See Table 2.
Table 2. Dates of su Dduction zone earthq uakes
Atwater
1996
300 1100 1600 1700 2700 3100 3400
Kelsey 
et al.
2002
300 ? 2000 2600 3000 3500 3800 4300 5000 5400
Meyers 
et al.
1996
300 1110 1800 2540 3400 4250 5000 5800
The buried scarps appear to be associated with dune-ridges on the spit 
(MEYERS et al., 1996). The scenario by which this association occurs would
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begin with a Cascadia Subduction Zone earthquake with 0.5-2.0 m of rapid 
coseismic subsidence. The subsidence of the coast causes coastal erosion of tens 
or a few hundreds of meters (DOYLE, 1996) until the coastline can reach 
equilibrium with the new relative sea level. A berm or beach ridge is then 
deposited along the new coastline and the erosional scarp lag deposit is buried as 
deposition resumes. As rebound begins, the beach ridge is raised upward out of 
the reach of wave action. With the coastline now translated seaward, windblown 
sand from the beach is deposited upon the beach ridge to form a prominent dune 
ridge. Postseismic rebound then accelerates, and the coastline progrades rapidly.
The next earthquake would cause this cycle to repeat, and in this manner 
the dune ridge sequences on Long Beach Peninsula could be produced (Figure 
29). The beach ridges are deposited after the initial erosion following an 
earthquake. The swales are deposited during the period of rebound as strain 
reaccumulates along the Cascadia Subduction Zone margin. The recurrence 
interval for earthquakes in the Willapa Bay region is approximately 500 to 600 
years, but actual intervals between specific earthquakes varies from 150 to 1100 
years.
Dune Ridge Stratigraphy
The four exposures at site 1 show wave deposits reaching higher 
elevations in the older (more easterly) exposures (Figure 30). The first exposure, 
in the high point on the western side of the ridge, shows overwash deposits in the 
lower third of the exposure (1 m), with wind-deposited sand above. The third 
exposure, in the high point on the eastern side of the ridge, has wave-deposited
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Figure 29. Scenario for dune ridge development from Cascadia Subduction Zone 
earthquakes. BR-beach ridge, DR-dune ridge. 1) Pre-earthquake 
conditions-low relative sea level. 2) Earthquake induced coseismic 
subsidence causes rise in relative sea level of 0.5 to 2.0 m. 3) The 
coastline is eroded landward and a beach ridge is built. 4) 
Postseismic rebound begins, relative sea level is lowered, and a dune 
ridge is built on the beach ridge. 5) Postseismic rebound accelerates, 
lowering relative sea level more, and the coastline progrades rapidly.
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sands in the lower three quarters of the exposure (2 m) with what appears to be 
wind-deposited sands on top. The eastward or older part of the ridge has wave 
deposits at a higher elevation than the western or younger part, this suggests wave 
run-up reached higher elevations during the initial deposition of the beach ridge.
Site 2, between the Clam Lake-Cranberry Lake swale and the Freshwater 
Lake swale, shows a similar trend of wave-deposited sands reaching to higher 
elevations, though somewhat less clearly (Figure 30). The first exposure has 
wave-deposited sands in the lower two-thirds (0.7 m) with no cross-bedding. The 
second exposure has a lag deposit on the bottom, wave-deposited sands through 
the lower 1.3 m, with cross-bedding through the first meter. The third exposure 
has a lag deposit on the bottom, cross-bedding through the lower 1.3 m, and wave 
deposited sands through 1.7 m. The fourth exposure has a lag deposit on the 
bottom, cross-bedding through the first meter, and possible wave deposits to the 
top (2.2 m). The higher elevations of ripple marks and wave deposited sands in 
the older exposures on this ridge suggests, though less strongly, that wave run-up 
reached higher elevations during the initial deposition of this beach ridge.
The site 3 (Whiskey Slough) exposures have bedding that is difficult to 
interpret for either wave or wind deposition.
The higher elevations of wave-deposited sands in the older or more 
easterly portions of the ridges indicates that wave run-up reached higher 
elevations during the initial period of deposition of each ridge (Figure 30). The 
drop in the elevation of wave run up over time suggests that coseismic subsidence
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and post-seismic rebound may be a factor. Wave-deposited sands in the older 
portions of both ridges (sites 1 and 2) in the drainage ditch reach elevations of 
over 4m above Mean Higher High Water (MHHW). The younger exposures 
show wave deposition at least a meter lower than the elevations in the older, more 
easterly parts of each ridge. The present-day ocean beach has wave deposited 
sands to an elevation of about 2m above MHHW.
In general, the primary factor affecting ridge growth is fluctuations in 
relative sea level and sediment supply. On Long Beach Peninsula, the primary 
factor affecting deposition on the spit must be earthquake induced sea level 
changes of 0.5 to 2.0 m. Repeated relative sea level changes of this magnitude are 
not found in tectonically inactive coastlines, and the timings of the fluctuations 
appear to coincide with proven Cascadia Subduction Zone earthquakes.
PHIPPS et al. (2001) working in Grayland, describe tsunami deposited 
sands and coseismic subsidence-induced erosion that shaped dune ridges there, 
and might explain wave deposited sands at 4 m elevation at site 1 and 3.7 m at site 
2 on Long Beach. Rankin (1983) presented evidence for significant fluctuations 
in relative sea level in the stratigraphy of Clatsop Plains and tried to develop long 
term sea level curves for the region. Had his work not preceded ATWATER 
(1987) by four years, he might well have developed the same hypothesis 
presented here.
The stratigraphic evidence presented here suggests large magnitude
fluctuations in relative sea level, which have been shown to occur in the region
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(ATWATER, 1987; MEYERS et al., 1996), probably produce the dune ridges on 
Long Beach, but more work will be needed to prove the hypothesis.
Accretion in Recent Times
In the northern half of the spit, particularly from south of Ocean Park 
north, a ridge begins to stand out prominently from the hummocky terrain not far 
east of the present day foredune (see Figure 28). This ridge rises in elevation 
from 6 to 9 m south of Ocean Park to 22 m in the north. The ridge can be 
followed north to Leadbetter State Park, where it recurves to the east and 
terminates at Willapa Bay. North and west of this ridge the land postdates the 
ridge and appears to be recent, being vegetated by grasses and scrub pines. South 
and east of the ridge there is mature forest, implying greater age. This ridge was 
initially suspected to have been produced by the 300 year earthquake event based 
on its proximity to the coastline shown in the earliest charts of the region, from 
1856. Work by WOXELL (1998) showed the ridge to date to the 1100-1300 
years BP earthquake, though the 300 year scarp may be near enough to the ridge 
to have permitted additional eolian deposition during and after formation of the 
scarp. An older, fragmented high-elevation ridge can be found at the north end of 
the spit along the bay side.
The increased height of the young ridge can be attributed to a more 
erosive environment that would have existed along the northern portion of the spit 
after a coseismic subsidence event. When a spit undergoes erosion, higher rates 
of erosion can be expected towards the distal end where the spit and spit platform 
are being attacked by erosive waves from two sides. This part of the spit can be
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expected to resist progradation for a longer period of time than the rest of the spit, 
thus the beach is in proximity with the ridge longer, supplying it with more wind 
blown sediment, and so building it higher. The same processes can be assumed to 
have produced the older fragmented high elevation ridge.
Historical Shoreline Changes
In the last hundred years. Long Beach Peninsula has developed a resort 
economy with the founding of the towns of Long Beach and Seaview. These 
towns were built up to the beach in the 1890’s to 1900’s and now are up to 500 m 
away from the surf zone.
During the turn of the last century, jetties were constructed at the mouth of 
the Columbia River to improve navigability of the river. The jetties were 
designed to flush out a large sand shoal named Peacock Spit Shoal that formed an 
ebb tidal delta in the river mouth, causing treacherous conditions for shipping. 
With the completion of the north jetty in 1913 sand rapidly began to accumulate 
just north of the jetty to form what has been called Peacock Spit, where Fort 
Canby State Park is located between the north jetty and North Head (see Figure 
28). North of North Head the coastline has prograded hundreds of meters in the 
last century around the town of Long Beach, with less progradation around Ocean 
Park near the center and more again near the distal end.
Now that the Peacock Spit shoal is virtually exhausted, the previously 
prograding beaches on the spit are expected to stabilize or become locally erosive 
in the near future (PHIPPS, 1990). Sediment budget work done by WOXELL 
(1998), shows that the historical accretion rates, 3.2 m average per year on Long
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Figure 31. Variation of Leadbetter Point from 1856 through 1993.
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Beach Peninsula, were pushed unnaturally high by reworked sediment from the 
Peacock Spit shoal. She calculated long term prehistoric accretion rates to be 
about 0.5 m per year and suggested that the sediment accumulated in historical 
times on the southern and northern areas of the spit may become redistributed as 
the coastline undergoes coastline straightening or after the next subduction zone 
earthquake.
Leadbetter Point, at the distal end of Long Beach Peninsula, has fluctuated 
a great deal in historical time (PHIPPS and SMITH, 1978) (Figure 31). Charts 
going back to 1852 show Leadbetter Point migrated 2.1 km(7,000 feet) northward 
from 1852 to 1887, then started eroding during the turn of the century (20th), with 
little relative change since that time.
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CHAPTER 5
Conclusions
Dune ridge-swale topography on the barrier spit Long Beach Peninsula, 
located along the margin of the Cascadia subduction zone, is affected not only by 
typical variations in sediment supply and sea level that affect barrier features 
around the world, but by great earthquakes along the subduction zone that cause 
0.5-2.0 m instantaneous coseismic subsidence followed by gradual postseismic 
rebound (ATWATER, 1987). The effects of these large scale changes in relative 
sea level (occurring approximately every 500-600 yrs) may be apparent in the 
formation of the sea-level-sensitive ridge-swale topography.
MEYERS et al. (1996) show the presence of buried erosional scarps 
expected to result from coseismic subsidence, and the stratigraphy of the ridges 
from this study shows evidence for the higher-than-present wave deposits that 
would be expected to occur after tectonic subsidence caused a period of higher 
relative sea level. Strata in the swales, below the peat deposits, are wave 
deposited, as seen in Deer Lake, and would have been deposited during a period 
of low relative sea level caused by postseismic rebound. Thus the difference in 
elevation (of several meters) between wave deposits in the swales and in the dune 
ridges shows a magnitude of sea level change that is much greater than seen 
where dune ridge topography occurs on tectonically passive margins. The 
variations in wave deposit elevations suggests subduction zone earthquakes, 
which change sea level in the region of the Long Beach Peninsula, may be the
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forcing mechanism for production of the beach and dune ridge topography on the 
spit.
The hypothesis presented here suggests a model for dune ridge formation 
on Long Beach Peninsula that involves four basic steps: 1. down-dropping of the 
coastline during a coseismic event, 2. deposition of a berm or beach ridge at the 
high tide shoreline, 3. subsequent rebound, lifting the berm or beach ridge up and 
out of the reach of wave action, 4. eolian deposition upon the berm or beach ridge 
to form a dune ridge.
Further work is necessary to determine the exact association between 
buried erosional scarps and individual dune ridges. This would help determine 
the actual beach ridge production process caused by each earthquake event. 
Similar work in the Grays Harbor and Clatsop Plain areas could then help show 
the process for dune ridge production within the entire Columbia River littoral 
zone.
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Appendix 1
Sediment size distribution of all samples collected from the three sites. 
Weight percent, mean, standard deviation, skewness and kurtosis are given for all 
samples.
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Appendix 2
Sediment size distribution graphs for all samples.
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